Bradykmm binds to its receptor at target organs and exerts a wide spectrum of biological actlvlties including vasodllation, smooth muscle contraction and relaxation, pain, and mflammatlon To gam a better mslght mto the physlologlcal function of this potent vasoactlve peptlde, we created transgenic mice that harbor the human bradykmm Bz receptor transgene under the control of the Rous sarcoma virus 3'-LTR promoter (RSVcHBKR) Expression of HBKR m these transgemc mice was identified m the aorta, brain, heart, lung, liver, ludney, uterus, and prostate gland by reverse transcnptlon-polymerase chain reaction Southern blot analysis. Two transgemc mouse lines expressing the human Bz receptor resulted m a significant reductron of blood pressure (84 220 6 mm Hg, n=28, 76 920 8 mm Hg, n=24, P< 001) compared with the control httermates (96 920 4 mm Hg, n=52) Admmistration of Hoe 140, a bradykmm B2 receptor antagonist, restored the blood pressure of the transgemc mice to normal levels wlthm 1 hour, and the effect dlmmlshed wlthm 4 hours The transgemc mice displayed enhanced blood pressurelowering effect induced by a bolus mtra-aortlc mJechon of kmm and showed increased response in kunn-induced uterine smooth muscle contract&y compared with control littermates These studies show that overexpresslon of human bradykmm B2 receptor causes a sustained reduction of blood pressure m transgemc mice. They also suggest that the B, receptor-mediated signal transduction pathway plays a role m blood pressure regulation (Hypertension. 1997;29[part 2]:488-493.) Key Words l human bradykmm B2 receptor l transgemc mice l hypotenslon l Hoe 140 l uterme contraction T issue kalhkrem 1s a serme protemase which 1s capable of cleaving kimnogen to release bioactlve kimn peptldes 1 On the bmdmg of kinins to BK receptors, a broad spectrum of biological effects are generated These include vasodllahon, vasoconstnction, smooth muscle contraction and relaxation, ion transport, and glucose metabohsm I-3 There are two distinct BK receptor subtypes, namely, B, and B2 The B2 receptor is widely distributed throughout mammalian tissues and has a greater affinity for intact BK and kalhdin (LBK),2,3 while the B1 receptor has a greater affinity for kmms' metabohtes, Des-Arg"-BK or Des-Arg lo-LBK. The B, receptor appears m certain pathological processes. Most of the kmms' actions are mediated by B2 receptors.2 BK 1s a potent vasoactive peptlde 2 Intravascular inJectlon of BK can cause an immediate Qlatlon of the arterlal vessels with a concormtant fall m total penpheral vascular resistance and systemic blood pressure 2.4 The tissue kallikrein-kmm system has long been implicated m blood pressure regulation. Urinary excretion of tissue kall&rem was reported to be significantly reduced m essential hypertensive patlents5.6 and genetically hypertensive rats.7,* Polymorphisms m the kalhkrein gene have been shown to cosegregate with high blood pressure m the offspring of spontaneously hypertensive rats and normotenslve Brown Norway rats.9~10 Recently, we have established a direct link between blood pressure regulation and tissue kalhkrem gene expression by transgemc animal models and somatic gene delivery strategies 11-14 We further demonstrated that the admmlstratlon of Hoe 140, a specific B2 receptor antagonist, could restore the blood The human BK B2 receptor cDNA was cloned and sequenced from a human lung fibroblast cDNA library 15 It encodes a 364-amino acid protein with charactenstlcs of the G-protein-coupled receptor superfamily The genes encoding the human, mouse, and rat B2 receptors have also been cloned and sequenced 16-20 Molecular cloning of the B2 receptor gene and elucidation of the gene structure have played a crucial role m analyzing the potential function of the B2 receptor m blood pressure homeostasls by usmg transgemc and antisense approaches 21.22 A BK Bz receptor-deficient mouse line was generated by homologous recombmatlon However, these "knockout" mice failed to show any altered blood pressure phenotype.21 To determine the role of BK B2 receptor m blood pressure regulation, we created a transgemc mouse model carrying the human BK B2 receptor cDNA under control of the RSV 3'-LTR promoter Methods Transgene Construction and DNA Preparation
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The human BK B2 receptor cDNA was cloned and sequenced from a human lung fibroblast cDNA library 15 It encodes a 364-amino acid protein with charactenstlcs of the G-protein-coupled receptor superfamily The genes encoding the human, mouse, and rat B2 receptors have also been cloned and sequenced 16-20 Molecular cloning of the B2 receptor gene and elucidation of the gene structure have played a crucial role m analyzing the potential function of the B2 receptor m blood pressure homeostasls by usmg transgemc and antisense approaches 21.22 A BK Bz receptor-deficient mouse line was generated by homologous recombmatlon However, these "knockout" mice failed to show any altered blood pressure phenotype.21 To determine the role of BK B2 receptor m blood pressure regulation, we created a transgemc mouse model carrying the human BK B2 receptor cDNA under control of the RSV 3'-LTR promoter
Methods

Transgene Construction and DNA Preparation
The human BK Bz receptor cDNA (1 3 kb) containing the entire coding region was amplified from the total RNA of human renal proximal tubular cells*3 by RT-PCR The sense pnmer used was 5'-CCATGCCGCTTGCTCCG-3' and antisense primer was 5'-GGAATGCCAAGGAGACA-3'
16 It was then cloned mto pREP8 vector (Invltrogen) at the HlndIII site downstream from the RSV-LTR enhancer/promoter
The final construct pREP8-cHBKR was confirmed by restriction mapping and DNA sequencmg
The plasmld pREP%cHBKR was extracted by the alkaline ly-SIS method and purified by cesmm chlonde-etludmm bromide gradient centrlfugatlon 24 The purified plasmid DNA was dlgested with Sal I to release a 2 4-kb transgene fragment, which contams the RSV-LTR enhancer/promoter, human BK B2 receptor cDNA, and an SV40 polyA segment This fragment was separated from the vector fragment by sucrose gradlent fractlonatlon,25 and dialyzed against the mJectlon buffer (10 mmol/L Human Bz receptor mRNA was identified in transgemc mice by RT-PCR Southern blot analysis Fresh tissues (aorta, brain, heart, lung, hver, kidney, and uterus or prostate) of male and female transgemc and control mice were homogemzed m guanichne lsothlocyanate buffer and total RNA was purified by ceslum chloride gradient centrifugation 24 One microgram of total RNA was subjected to RT-PCR Southern blot analysis as previously described12 using the transgene-specific primers and an mtemal probe The sequence of the 5' primer IS 5'-TTCCTGGAT ACGCTGCATCG-3', the 3' primer, 5'-CTCATCAATGTATCT TATCA3', and the internal probe, 5'-TCACTGCATTCTAGT TGTGG-3' The blotted membrane was washed twice m 6X SSC at 55°C and exposed to Kodak X-OMAT film at -80°C
Transient Transfection of Human Embryonic Kidney 293 Cells
A human embryonic kidney 293 cell hne was transfected with 20 pg of plasrmd DNA of RSV-cHBKR by electroporatlon using a BTX-600 electric cell manipulator (BTX) At 72 hours after transfectlon, the cells were harvested and lysed m lysis buffer (5 mmol/L Tns-HCl, pH 7 4, with 5 mmol/L EDTA and 5 mmol/L EGTA) and tmcrocentnfuged at 16 OOOg at 4°C for 10 minutes The pellet was resuspended m bmclmg assay buffer 26 Ligand-bmdmg assays were performed m duplicate
Preparation of Iodinated Ligand and Binding Assay
Tyr'-BK (Sigma), the synthetic analog of BK, was used as radiohgand for a BK bmdmg assay It was lodmated by using the chloramme-T method and purified by high-pressure liquid chromatography 27 The specific radioactivity was 167 35 Cl/mmol Crude membrane protein was prepared, and hgand bmdmg assays were performed following the procedure described previously 26 The concentration of membrane protein was determined by the Lowry assay ** For saturation studies, I*?-Tyr'-BK was mcubated m duplicate with 100 pg of membrane protein at 25°C m a volume of 250 @L for 60 minutes Using a M&pore filter (Hoefer Scientific), the assay was terminated by filtration over a Whatman GF/C glass fiber filter presoaked with 0 1% aqueous polyethylemmme for 3 hours The tubes and filters were rinsed three times with 4 mL of ice-cold 25 mmol/L TES buffer, pH 6.8, and the filters were counted m a 1261 Multigamma counter (Pharmacia) Saturable bmdmg was calculated by subtracting the nonspecific bmdmg m the presence of 10 pmol/L unlabeled BK Blood Pressure Measurement by the Tail-Cuff Method Systolic blood pressure was measured with the tail-cuff method as previously described 11 Rve readmgs were taken for each animal Hoe 140 was diluted m PBS and injected mtraperitoneally mto both transgemc and control mice at 2 pg per mouse per mJection The blood pressure was measured before and at I 0, 2 0, and 4 0 hours after Hoe 140 admmlstratlon The control group was carried out by mjection of PBS mto transgemc mice or by inJection of Hoe 140 mto nontransgemc control mice
Blood Pressure Measurement by Arterial Cannulation and BK Injection
Mice were anesthetized by mtraperitoneal inJection of 2,2,2-tnbromoethanol m tert-amyl alcohol (Avertm, 20 mg/mL, 0 4 mW25 g body weight) The right femoral artery and the left carotid artery were cannulated with PE-10 catheters (Clay Adams) for direct arterial pressure recordmg and drug admmistration The chstal end of the cannula was connected to a physlologlcal pressure transducer (Statham Laboratories) coupled with a model 7E polygraph (Grass Instrument Co) Blood pressure of the anesthetized mice was measured directly vta the mtra-arterial route The mice were given a bolus mtra-aortlc mJectlon of BK (Sigma) BK was serially diluted and adtmmstered at doses from 16 to 500 ng in a volume of 50 PL saline per mouse
Uterine Contraction Assay
The entire uterus was isolated and a l-cm portion from each horn was hung m a tissue bath as previously described 21 One gram of tension was applied to the uterine horn, and the tension was measured by a force-displacement transducer FTO3C and recorded on a model 7E polygraph (Grass Instrument Co) BK was applied to the tissue bath at a concentration of 0.5 pmol/L As control, 25 mmol/L of KC1 was added to the tissue bath 30 mmutes after stlmulatlon by BK
Statistical Analysis
Group data are reported as mean?SEM Compansons of parameters between control and transgemc mouse groups were performed by two-way ANOVA Differences were considered to be significant at a value of P< 05 uration curves demonstrated that the transfected cells, but not the nontransfected cells, have a high density of binding sites (Fig 2) . Scatchard plot analysis revealed that the transfected cell membrane contained specific BK binding site with a kD of 0.93 nmolL and Bmax of 1 .Ol pmol/mg protein as determined by analyzing saturation data with the equilibrium binding data analysis program.29
Results
Generation of Transgenic Mice
Expression and Tissue Distribution of the Human BK Bz Receptor Transgene The expression of the human BK B2 receptor mRNA in the transgenic mice was analyzed by RT-PCR Southern blot analysis. The analysis was specific for the transgene since the 3' primer and the internal probe were located in the SV40 portion of the transcript. Fig 3 shows that both male and female transgenic mice express the human B2 receptor mRNA in the aorta, brain, heart, lung, liver, kidney, and also in the prostate of males and the uterus of females. The expression was not detected in the corresponding tissues of the control mice, indicating the specificity of the assay.
BK Binding Assay
To analyze the transgene expression at the protein level, membranes were prepared from the kidney, uterus, and brain of both transgenic and control mice (n=6). The density of BK binding sites in the kidney of transgenic mice was approximately five times higher than that of the control mice (Fig 4) . The density of BK binding sites in the uterus and brain of transgenic mice was 1%fold and l.Cfold higher, respectively, than those in the control mice (Fig 4) .
Blood Pressure Analysis of Transgenic Mice
Both lines of transgenic mice showed significant reductions in blood pressure compared with normal controls. The systolic blood pressure measured by the tail-cuff method was 84.2kO.6 mm Hg for line No. 8905 (mean ?SEM, n=28) and 76.920.8 mm Hg for line No. 9830 (mean%SEM, n=24) . The value for the negative siblings waLy 96.9+0.4 mm Hg (mean-+SEM, n=S2) with P<.OOl (Fig 5) . indirect tail-cuff method and direct intraarterial cannulation were compared for accuracy.
To determine if Bz receptor is responsible for the hypotensive effect, Hoe 140, a specific BK B2 receptor antagonist, was injected intraperitoneally at a dose of 2 pg per mouse (n=3). Fig 6 shows that Hoe 140 administration restored the blood pressure of the transgenic mice to a level close to that of the control mice in 1 hour and the effect of Hoe 140 diminished within 4 hours while vehicle buffer (PBS) had no effect on the blood pressure of transgenie mice. Administration of Hoe 140 had no effect on the blood pressure of control littermates (data not shown).
Bolus intra-aortic injections of BK resulted in a transient decrease of mean blood pressure in both transgenic and nontransgenic control mice in a dose-dependent manner (n=8) (Fig 7) . The sensitivity to BK-induced blood pressure reduction between the transgenic and control mice differs significantly. The vasodepressor effect of BK is more pronounced in transgenic mice than in control mice when the same dose is applied (P<.O5).
Uterine Contraction Assay
To directly assess the effect of B2 receptor overexpression on myometrium inotrophy, we determined isometric induced by BK in the isolated tissue bath. In the RSV-cHBKR transgenic mice, the uterine smooth muscle contraction induced by 0.5 pmol/L BK was threefold higher than that of the control mice (n=3, P<.O5) (Fig 8) . When KC1 (25 mmol/L) was applied in the tissue bath after stimulation with BK, no significant difference between the transgenie and control groups on the KCl-induced contraction was observed (Fig 8) . There was no significant difference in uterine weight between transgenic and control mice.
Discussion
This study shows that transgenic mice overexpressing human BK B2 receptor have a hypotensive phenotype. Two mouse lines carrying the human B2 receptor transgene were independently isolated and characterized. The average blood pressure of one line was 12.7 mm Hg lower and the second line was 20.0 mm Hg lower than their nontrans- and prostate gland The expression pattern is similar to that of the B2 receptor m human tissues. 16317 The B2 receptor transgene expression was further analyzed at the protein level by a hgand-receptor binding assay, whtch revealed an increase m density of BK-bmdmg sites This increase m B2 receptor density m the transgemc mice was confirmed by a uterine contraction assay The uterus has the most abundant Bz receptor transcripts,30 and BK sttmulates the contraction of the uterus smooth muscle via B2 receptors 2 Our results showed that the contractthty m response to BK was markedly enhanced m the isolated uterme horn of the transgemc mice. Moreover, the transgemc mice also displayed an enhanced blood pressure-lowermg effect by mtra-arterial bolus mJection of BK These findmgs demonstrate that Bz receptors are overexpressed m the transgemc mice.
The hypotensive phenotype of these transgemc mice was abohshed by Hoe 140, a specific B2 receptor antagonist, demonstrating that the reduction in blood pressure m these mice was mediated by BK B2 receptors (Fig 6) Our prevtous studtes showed that the systohc blood pressure of transgemc mice expressmg the human tissue kalhkrem gene is significantly lower than that of the control mice and the blood pressure of these mice could be restored to normal levels by Hoe 140 admmlstration 11~3~4 These results demonstrated that the hypotensive effect was achieved through the B2 receptors m the transgemc mice overexpressing the kalhkrem transgene These findings suggest that the B2 receptors m normal mice are not fully occupied and that high levels of kmm m the kalhkrem transgenic mice caused a higher level of B2 receptor occupancy and thus produced the hypotensive phenotype This would imply that the BK B1 receptors are present m excess with respect to local hnm levels and a further mcrease m the Bz receptor level should not affect the blood pressure of these mice Contrary to this prediction, the results of this study show that the blood pressure was stgmficantly reduced m mice overproducmg the B2 receptor An mterpretation for this finding is that both kmms and Bz receptors are not utilized efficiently m viva Kimns have a very short half-life, and B2 receptor may not capture kmms effectively before its degradation by kmmases 31 In the kalhkrem transgemc mice, a high level of kmms may enhance the chances of then bmdmg to the BK B:! receptor Alternatively, a high level of BK B2 receptor m the B2 transgemc mice may enable the receptor to capture the free kmms more rapidly. This may m part explain the findings that overexpresston of either tissue kalhkrem or B2 receptor results m a hypotensive phenotype It is also possible that a small fraction of the total B2 receptor pool exists m the activated conformation even m the absence of its agonist, thus the endogenous G-protemcoupled receptors exhibit spontaneous activity m their natural envtronment m the absence of agonist occupancy 32 Q When receptor expression is high, a small fraction of the receptors m the activated conformatton could be sufficient to activate its intracellular effecters to conduct its signal transduction pathways Overexpression of B2 receptor may therefore cause a stgmficant mctease m the number of spontaneously activated B2 receptors m the transgenic mice m the absence of BK and thus produce an increase m cellular concentration of second messengers to maintain an enhanced physiological response An example in support of this possibthty is provided by the studies employmg transgemc nuce overexpressmg ,&adrenergic receptor s4
The transgemc animal model overexpressmg BK BZ receptor could be useful for studying the physiological function of the BZ receptor m blood pressure regulation and mflammation Recently, another animal model was generated m which the mouse BK B2 receptor gene was disrupted by homologous recombmatton 21 It 1s mterestmg to note that the Bz receptor-deficient mice did not show an altered blood pressure phenotype, but the contract&y of utenne smooth muscle m response to BK was ehmmated m these mace 21 These findings demonstrate the unique features and usefulness of each animal model m studying receptor function. It IS likely that both the transgemc and knockout animal models could be useful for dlssectmg the functional roles of BK B2 receptor m blood pressure regulation 
